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1
SYSTEM FOR ENGINE KNOCK CONTROL

BACKGROUND

The present mvention generally relates to a system for
engine knock control.

Internal combustion engines are designed to maximize
power while meeting exhaust emission requirements and
minimizing fuel consumption. This objective, however, 1s
often limited by engine knock for a given air-to-fuel ratio.
Therefore, 1t 1s desirable to be able to detect engine knock
such that the engine can operate at its knock limit to provide
maximum power and fuel economy. Some engines employ
accelerometers to detect engine knock. Because of the low
signal-to-noise ratio of conventional accelerometer based
knock sensors, a dual-rate count-up and count-down scheme
1s commonly used for engine knock limit control. These
approaches are based upon use of a single knock flag
obtained by comparing the knock intensity signal of a knock
sensor to a given threshold. The knock intensity signal is
defined as the mtegrated value, over a given knock window,
of the absolute value of the signal obtained by filtering the
raw knock sensor signal using a band-pass filter. This
scheme continually takes the engine 1 and out of knock,
rather than operating the engine at near its knock limat.
Moreover, at certain operating conditions, the effectiveness
of these schemes may be compromised by engine mechani-
cal noises produced by valve closures and piston slap and
picked up by the accelerometers, which may lead to con-
servative 1gnition timing and consequent reduced engine
performance.

The use of a high quality in-cylinder 1onization signal
makes 1t possible to control engine knock using knock
intensity derived from 1onization signal directly for each
cylinder due to the increased signal to noise ratio of 10niza-
fion versus accelerometer based systems. The cycle-to-cycle
variation in the combustion process results 1in an 1onization
knock intensity signal that 1s similar to a random process
when the engine 1s operated at knock conditions. This makes
it almost 1impossible to use a deterministic limit controller to
find true knock borderline 1gnition timing and operate the
engine at this corresponding timing. Study shows that the
lonization knock intensity feedback signal has great knock
controllability. This invention proposes a system and sto-
chastic approach for engine knock control utilizing the mean
and standard deviation information of the 1onization knock
intensity signal as well as the evolution of its stochastic
distribution. The proposed stochastic knock limit controller
1s able to not only seek and find engine knock borderline
ignition timing but also operate the engine right at its knock
borderline limit continuously.

In view of the above, 1t 1s apparent that there exists a need
for a system to enable an engine to operate at its knock limit
without the occurrence of engine knock or minimal knock.

SUMMARY

In satisfying the above need, as well as overcoming the
enumerated drawbacks and other limitations of the related
art, the present invention provides a system and method for
controlling control knock 1n an engine having one or more
cylinders 1n which combustion occurs. A sensor detects the
ionization of the combustion process 1n the cylinders. The
lonization 1s related to the knock intensity occurring in the
cylinders, and the sensor further transmits a signal associ-
ated with the knock intensity. A controller monitors the
stochastic behavior of the 1onization signal and adjusts the
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2

ignition timing of the engine to operate the engine with an
actual knock 1ntensity that 1s below a knock borderline limit
that defines a desired knock intensity. The stochastic behav-
lor may 1nclude the mean, standard deviation, and the
stochastic distribution of the knock intensity signal.

The controller may include one or more feedback loops.
For example, an adaptive feedback loop may be employed
to adjust the desired knock intensity 1n response to changing
operating conditions. The controller may also include a
stochastic feedback loop that maintains the mean value of
the knock intensity at a level to ensure that the actual knock
intensity does not exceed the desired knock intensity. Addi-
tionally, an 1nstant correction feedback loop may be
employed to avoid engine knock when the stochastic feed-
back loop fails to keep the actual knock intensity below the
desired knock intensity level.

Further features and advantages of this invention waill
become readily apparent from the following description and
from the claims.

BRIEF DESCRIPITION OF THE DRAWINGS

FIG. 1 1s a block diagram of a system to control knock 1n

an IC engine 1n accordance with the 1nvention;
FIGS. 2A and 2B are plots of the knock intensity signal

of an IC engine with substantial knock (FIG. 2B) and with
minimal or no (FIG. 2A) knock;

FIG. 3 1s a plot of knock intensity as a function of the
spark timing; and

FIG. 4 1s a block diagram of a controller of the system of
FIG. 1 1n accordance with the invention.

DETAILED DESCRIPTION

Referring now to FIG. 1, a system embodying the prin-
ciples of the present invention 1s 1illustrated theren and
designated at 10. As its primary components, the system 10
includes a signal conditioning module 12, a knock intensity
calculation module 14, a stochastic knock control limit
module 16, an 1gnition control strategy module 18, and an
ignition control signal general module 20, all associated
with a powertrain control module (“PCM”) 21, and a set of
lonization detection 1gnition coils 22 associated with respec-
five cylinders.

Each 1onization detection 1gnition coil 22 provides a
single 1onization output signal 23, and the signals from all
the cylinders are fed into the signal conditioning module 12
where the signals are merged 1nto one or two signals with an
analog switch that 1s based upon combustion event infor-
mation of the current cylinder. These conditioned signals are
then relayed to the knock intensity calculation module 14
which includes a knock detection Application Specific Inte-
grated Circuit (“ASIC”) that calculates knock intensity
based upon the specified knock window. The ASIC further
filters the conditioned 1onization signal with band pass
filters, calculates the absolute value of the filtered signal,

integrates the absolute value signal over a specific knock
window, and sends this information to the stochastic knock

control limit module 16, which determines the knock limit
of the engine. The knock limit information 1s passed to the
ignition control strategy module 18 which instructs the
ignition control signal generation module 20 to provide a
dwell control input command signal 25 to the cylinders.
The use of a high quality in-cylinder ionization signal
enables controlling engine knock by using knock intensity
information derived from 1onization signals associated with
the combustion process in each cylinder because of the
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increased signal to noise ratio, as compared to conventional
accelerometer based systems. The cycle-to-cycle variation
in the combustion process results in an 1onization knock
intensity signal that 1s similar to a random process when the
engine 1s operated at knock conditions. In accordance with
the 1nvention, the system 10 1mplements a stochastic
approach for engine knock control utilizing the mean and
standard deviation imformation of the 1onization knock
intensity signal as well as the evolution of its stochastic
distribution. In particular, the stochastic knock limit control
module 16 1s able to seek and find engine knock borderline
ignition timing and also enables the engine to operate at its
knock borderline limit continuously with little or no knock.

The aforementioned 1ntegrated value of the knock signal
over the knock window 1is referred to as the 1onization
intensity. FIGS. 2A and 2B show two knock intensity signals
for a three-liter V6 engine over an integration window. FIG.
2A shows ten cycles of the knock intensity signal while the
engine 1s not knocking, illustrating a very low knock inten-
sity magnitude, and FIG. 2B shows the same knock intensity
signal when the engine 1s operated at knocking conditions.

From FIG. 2B, 1t 1s clear that even though the engine 1s
operated at a fixed operation condition, the knock intensity
varies cycle-to-cycle. In fact, the cycle-to-cycle event varia-
tion 1n the combustion process results 1n an 10n1zation knock
intensity signal that 1s similar to a random process, as
mentioned previously.

FIG. 3 shows the stochastic properties of a typical knock
intensity signal obtained from a raw 1onization signal. The
mean knock intensity shown in plot 50 increases as the
ignition timing advances, demonstrating good controllabil-
ity. The system 10 uses not only the raw knock intensity
signal but also its stochastic properties (mean, variance, as
well as the evolution of its stochastic distribution) illustrated
in the plot 52.

Referring also to FIG. 4, there 1s shown details of a
stochastic closed-loop knock borderline limit controller 60
in which the control module 16, the 1ignition control strategy
module 18, and the 1gnition control signal generation mod-
ule 20 are implemented. The primary 1nputs to the controller
60 include:

a) A engine speed/load input 62 associated with the

current engine operational speed and load.

b) A desired ionization knock intensity 64 which defines
the level of the borderline knock limit. Note that the
purpose of the closed loop knock borderline control 1s
to keep the actual knock intensity (obtained from the
ionization signal 23) below the desired knock intensity.
From FIG. 3 1t can be seen that the knock borderline
1gnition timing moves 1n the advanced direction when
the desired knock intensity increases.

¢) An ionization knock intensity input 66 obtained from
the knock intensity calculation module 14 through the
use of the ASIC.

d) A desired 1gnition timing input 68 which is the signal
from the 1gnition control strategy module 18 based
upon the engine MBT (“Maximum Brake Torque”)
ignition timing for the best fuel economy. When the
MBT timing 1s more advanced than the knock border-

line timing, the knock borderline controller 60 limits
the desired 1gnition timing to its knock borderline
fiming.

There are three feedback loops associated with the con-
troller 60, 1n particular,

a) An adaptive seeking feedback loop 70 which provides

a two-fold purpose: 1) reducing the calibration conser-
vativeness of operating the engine at its “TRUE” knock
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4

borderline, and 2) improving robustness of the knock
borderline controller 60 when the engine 1s operating at
different environments. This 1s accomplished by using
an error signal between the desired 1onization knock
intensity 64 and a stochastic criterion, referred to as a
distribution maximum value, which 1s obtained by
finding the maximum value of a given distribution
(e.g., 90%). For instance, if the given distribution is
90%, 10% of the data 1s above the calculated maximum
value, and the distribution maximum value 1s the maxi-
mal of the remainder of the 90% of the data. The
adaptive seeking algorithm 92 described below reduces
the desired knock mtensity when the distribution maxi-
mum value 1s greater than the knock intensity; other-
wise, 1t 1increases the desired knock intensity value.

b) A stochastic feedback loop 72 which keeps the mean of
the knock intensity at a certain level so that the actual
knock intensity will not exceed the desired knock
intensity. The desired mean knock intensity level is
obtained by further reducing the desired knock inten-
sity level by an offset value below that calculated by the
adaptive seeking feedback loop 70. The calculation of
the offset value 1s either based upon the knock intensity
signal variance or 1ts stochastic distribution. When
using the knock intensity variance, with a given con-
fidence level (e.g., 93.3% of the knock intensity is
below the desired knock intensity), the offset value is
based upon the assumed normal distribution function
(e.g., for 93.3%, the offset value is three times the
variance); and when using the distribution function
directly, the offset value 1s found by locating the given
coniidence level over the distribution function.

¢) An instant correction feedback loop 74 which serves to
avold engine knock when the stochastic feedback con-
trol loop 72 does not keep the knock intensity below the
desired knock intensity level. Note that this control
feedback loop feeds to an integration portion of a PI
controller 100 described below.

The controller 60 also includes the following components:

1) A desired intensity map 80 that includes a lookup table
with “engine speed” and “engine load” as inputs. The
output of the map 80 1s the “desired knock intensity”
that 1s the product of the lookup table output and the
desired 1onization knock intensity 64. The map 80
compensates for the need of making the desired knock
intensity as a function of the engine speed and load 62.

2) A stochastic mmformation calculation block 82 which
calculates four key variables used 1n the three feedback
loops 70, 72, and 74, namely

1) A “distribution max value” defined as the maximum
value over a given distribution, where the data is
arranged from low to high. For example, if the given
distribution 1s 90 percent, 10 percent of the data will
be above the calculated distribution max value, and
the distribution max value 1s the maximal of the
remainder of the 90 percent of the data.

1) A “long standard deviation” defined as the finite
standard deviation based upon the actual 1onization
knock intensity 66 with a specific data size, where
the data length 1s relatively longer than the shorter
data length defined below in iv).

111) A “long mean” defined as the calculated mean using
the same data length of the long standard deviation.

iv) A “short mean” defined as the calculated mean using
a relatively shorter data length than the longer data
length.
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3) An adaptive seeking algorithm 92 which utilizes the
error between the “desired knock intensity” from the
map 80 and the “distribution max value” to generate the
adaptive seeking output by integrating the error over
the engine combustion event with a given gain. The
purpose of the algorithm 1s to reduce the conservative-
ness of the stochastic feedback loop 72.

4) A confidence level offset 94 which calculates a confi-
dence offset value to be subtracted from the “desired
knock intensity” after it 1s corrected by the adaptive
secking algorithm 92. The offset value can be deter-
mined by: 1) defining the offset value as a given value
multiplied by the “long standard deviation”; or 2)
making the offset value as a function of the engine

speed and load 62.

5) An instant correction map 96 which calculates an
instant correction signal to be fed in to the 1ntegration
portion 106 of the PI controller 100 described below.
When the error between the “desired knock intensity™
and the actual 1onization knock intensity 66 1s greater
than zero, the output 1s zero; that 1s, no correction 1s
required. And when the error 1s less than zero, the error
1s fed into a one-dimensional lookup table and the
output 1s set as a negative 1nstant correction signal for
the 1ntegration portion 106 of the PI controller 100.

6) A dynamic feedforward 98 which includes a two-
dimensional lookup table using the engine speed and
load 62 as inputs and a dynamic controller using the
lookup table output as an input. The lookup table
generates an open-loop borderline knock limit signal as
a function of engine speed and load 62, and the
dynamic controller consists of a first order controller
with a time constant that 1s a function of the engine load
rate change. When the rate change is positive (i.e., the
load is increasing), the time constant 1s relatively small
since the in-cylinder temperature 1s lower than the
temperature that occurs during steady state operation,
and when the rate 1s negative, the time constant is
relatively large since the in-cylinder temperature 1is
higher than the temperature that occurs during steady
state operation.

7) A PI controller 100 with three primary components: a)
a feedforward control 102; b) a proportional control
104; and c¢) an integration control 106. The feedforward
control 102 takes the output of the dynamic feedfor-
ward block 98 as an mput and adds it to the output of
the PI controller 100. The input to the proportional
control 104 1s the error between the “long mean”
variable of the stochastic information calculation block
82 and the “desired knock intensity”. This input 1s
further adjusted by subtracted the offset value obtained
from the confidence level oifset block 94. The propor-
tional control 104 further multiplies the mput with a
proportional gain, and adds the result to the PI control-
ler 100 output. Input to the integration control 106
includes both mput from the instant correction loop
block 74 and the mean error between the “short mean”
from the stochastic information calculation block 82
and the “desired knock intensity” from the desired
intensity map 80 signal, with the error being further
adjusted by subtracting the offset value obtained rom
the confidence level offset block 94. Note that using a
relative “short mean” error for the mntegration improves
the response time.

8) A saturation management 110 which provides an aver-
age 1gnition-timing signal. If the PI controller 100
output 1s more advanced than the desired ignition
timing 68, the output becomes the desire 1gnition
timing 68; otherwise, the output 1s the output from the

PI controller 100.
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6

9) An individual cylinder knock borderline limit offset
112 which generates an offset vector based upon the
1onization knock intensity 66. Since the knock border-
line limait 1s different for each individual cylinder, this
block 112 calculates the offset value for each individual
cylinder so that the global borderline limit, generated
by the PI controller 100, can be corrected afterwards.

10) An individual cylinder compensation 114 which adds
the offset value to the average knock borderline limit
generated by the PI controller 100.

As a person skilled in the art will readily appreciate, the
above description 1s meant as an 1llustration of an 1mple-
mentation of the principles this invention. This description is
not mtended to limit the scope or application of this inven-
fion 1n that the invention i1s susceptible to modification,
variation and change, without departing from spirit of this
invention, as defined 1n the following claims.

What 1s claimed 1s:

1. A system to control knock 1n an engine having one or
more cylinders in which combustion occurs, comprising;:

a sensor that detects the ionization of the combustion
process 1n one or more cylinders, the 1onization being
related to the knock intensity occurring 1n one or more
cylinders, the sensor further transmitting a signal asso-
ciated with the knock intensity; and

a controller that monitors the stochastic behavior of the
1onization signal and adjusts the 1gnition timing of the
engine to operate the engine with an actual knock
intensity that 1s below a knock borderline limait, the
knock borderline limit defining a desired knock inten-
sity.

2. The system of claim 1 wherein the stochastic behavior
includes the mean, standard deviation, and the stochastic
distribution of the knock intensity signal.

3. The system of claim 1 wherein the controller includes
an adaptive feedback loop that adjusts the desired knock
intensity in response to changing operating conditions.

4. The system of claim 3 wherein the controller includes
a stochastic feedback loop that maintains the mean value of
the knock intensity at a level to ensure that the actual knock
intensity does not exceed the desired knock intensity.

5. The system of claim 4 wherein the mean knock
intensity 1s obtained by reducing the desired knock intensity
by an offset value.

6. The system of claim 5 wherein the offset value 1s based
on the variance of the knock intensity signal.

7. The system of claim 5§ wherein the offset value 1s based
on the stochastic distribution of the knock intensity signal.

8. The system of claim 4 wherein the controller includes
an 1nstant correction feedback loop to avoid engine knock
when the stochastic feedback loop fails to keep the actual
knock intensity below the desired knock intensity level.

9. A method to control knock 1n an engine having one or
more cylinders in which combustion occurs comprising:

detecting the 1onization of the combustion process in one
or more cylinders, the 1onization being related to the
knock intensity occurring in one or more cylinders;

transmitting a signal associated with the knock intensity;

monitoring the stochastic behavior of the 1onization sig-
nal; and adjusting the ignition timing of the engine to
operate the engine with an actual knock intensity that 1s
below a knock borderline limit, the knock borderline
limit defining a desired knock intensity.

10. The method of claim 9 wherein the stochastic behav-
10r 1ncludes the mean, standard deviation, and the stochastic
distribution of the knock intensity signal.

™
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11. The method of claim 9 further comprising adjusting
the desired knock intensity in response to changing operat-
ing conditions.

12. The method of claim 11 further comprising maintain-
ing the mean value of the knock 1ntensity at a level to ensure
that the actual knock intensity does not exceed the desired
knock intensity.

13. The method of claim 12 wherein the mean knock
intensity 1s obtained by reducing the desired knock intensity
by an offset value.

3

14. The method of claim 13 wherein the offset value 1s
based on the variance of the knock intensity signal.

15. The method of claim 13 wherein the ofiset value 1s
based on the stochastic distribution of the knock intensity
signal.

16. The method of claim 12 further comprising avoiding
engine knock when the actual knock intensity 1s not kept
below the desired knock intensity level.

G o e = x
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